Association between serum calcium (Ca) levels and kidney dysfunction progression in a non-chronic kidney disease (CKD) population has not been well elucidated, especially in consideration for classical metabolic risk conditions such as hypertension, dyslipidemia, and diabetes, and those related to Ca metabolism. Among participants of the population-based Iwaki study of Japanese people, those with an estimated glomerular filtration rate (eGFR) ≧60 ml/min/1.73 m 2 and age ≧40 years, and who attended the study consecutively in 2014 and 2015 were enrolled (gender (M/F): 218/380; age: 58.9 ± 10.2). Regression analysis showed a significant correlation between serum Ca levels and a change in eGFR in the 1-year period (∆eGFR) after adjustment with multiple factors including those related to Ca metabolism (β = 0.184, p < 0.001). When subjects were stratified into tertiles based on their serum Ca levels (higher >9.6 mg/dL, middle 9.4-9.6 mg/dL, lower <9.4 mg/dL), lower serum Ca levels were a significant risk for a rapid decliner of eGFR designated as the lower one third of ∆eGFR (<−4.40 ml/ min/1.73 m 2 ) (odds ratio 2.41, 95% confidence interval 1.47-3.94). Lower serum Ca levels are a significant risk for rapid decrease in eGFR, independent of previously reported metabolic risk factors in this general population with non-CKD, or eGFR ≧60 ml/min/1.73 m 2 .
Further, overtreatment for hypocalcemia caused by hypoparathyroidism induces kidney dysfunction by hypercalciuria, because its standard treatment is not parathyroid hormone (PTH) replacement but supplementation of vitamin D analogs and Ca 13 . Therefore, abnormal serum Ca levels appear to be associated with progression of kidney dysfunction. However, the association between serum Ca levels within a physiological range and progression of kidney dysfunction has not been well examined so far.
Here, we examined the association between serum Ca levels within a physiological range and change in kidney function or eGFR in a non-CKD (CKD stages 1 and 2) general Japanese population, in consideration with multiple factors known to be associated with kidney function, and also with those involved in Ca metabolism (i.e. serum levels of inorganic phosphorus (InP), PTH, and 1,25-dihydroxyvitamin D (VitD)). The study suggests that serum Ca levels are a useful marker to predict those at risk for progression of kidney dysfunction in those without CKD.
Material and Methods
Study Population. Subjects were recruited from the Iwaki study, a health promotion study of Japanese people over 20 years of age that aims to prevent lifestyle-related diseases and prolong lifespans. The study is conducted annually in the Iwaki area of the city of Hirosaki in Aomori Prefecture in northern Japan 14, 15 . To evaluate the decrease in eGFR in 1 year, those who attended the Iwaki study consecutively in 2014 and 2015 were enrolled in this study. Stage of CKD was defined base on Kidney disease: improving global outcomes (KDIGO) classification 16 . Of the 806 such individuals, those with eGFR <60 ml/min/1.73 m 2 (n = 62; the prevalence of CKD was 7.7/%) were excluded because they were considered as having CKD (stage 3 and more). Those who were under 40 years old (n = 146) were also excluded to avoid the effects of differences in age-dependent changes in GFR between subjects under and over 40 years old: Age-dependent linear decreases in GFR were reported in subjects over 40 years old, with no changes in GFR in subjects under 40 years old 17, 18 . After these exclusions, 598 individuals (218 men, 380 women) aged 58.9 ± 10.2 years were included in the study. Although only CKD stage 1 is defined as normal, we here arbitrary used the term "non-CKD" for CKD stage 1 and 2 combined to explain clearly the differences in the study design between the current study and others examining factors associated with decreases in kidney function, most of which used subjects with CKD stages 3 and more as those with CKD.
This study was approved by the Ethics Committee of the Hirosaki University School of Medicine (No. 2014-014 and 2014-015), and was conducted according to the recommendations of the Declaration of Helsinki. Written informed consent was obtained from all participants.
Characteristics Measured. Blood samples were collected in the morning from peripheral veins of participants under fasting conditions in a supine position for 5 min after 10 min rest in a sitting position. The following clinical characteristics were measured: height, body weight, body mass index, percent body fat (fat), fasting blood glucose, fasting serum insulin levels, glycated hemoglobin (HbA1c), systolic and diastolic blood pressures, serum levels of total cholesterol, triglyceride, high-density lipoprotein-cholesterol, uric acid, urea nitrogen, creatinine (Cr), Na, K, Ca, InP, intact PTH, and VitD, and urine albumin excretion (UAE). Fat was measured by the bioelectricity impedance method using a Tanita MC-190 body composition analyzer (Tanita Corp., Tokyo, Japan). HbA1c (%) is expressed as the National Glycohemoglobin Standardization Program value. All laboratory testings were performed in a commercial laboratory (LSI Medience Co., Tokyo, Japan) according to the instructions of the vendors. Serum Ca levels were corrected based on serum albumin levels as previously reported 19 . Estimated GFR (eGFR) was calculated by following formulas published by the Japanese Society of Nephrology, eGFR = 194 × Cr −1.094 × Age −0.287 (Man) or 194 × Cr −1.094 × Age −0.287 × 0.739 (Woman) 20 . Diabetes was defined according to the 2010 Japan Diabetes Society criteria, i.e. FBG concentrations ≧126 mg/dl 21 . In subjects whose FBG levels were not measured, diabetes was defined as HbA1c levels ≧6.5%. None of the subjects in our study were known to have type 1 diabetes. Hypertension was defined as blood pressure ≧140/90 mmHg or being treated for hypertension (n = 286). Hyperlipidemia was defined as total cholesterol ≧220 mg/dl, TG ≧ 150 mg/dl or being treated for hyperlipidemia. (n = 280). Drinking alcohol (current or non-drinker) and smoking habits (never, past or current) were determined from questionnaires.
Statistical analysis.
Clinical characteristics are given as mean ± standard deviations (SD). The statistical significance of the difference in characteristics values between two groups (parametric) and case-control associations between groups (nonparametric) were assessed by analysis of variance and χ 2 tests, respectively. For UAE (data were shown as median with interquartile range (IQR)), Wilcoxon signed-rank test was used to determine the statistical significance. Correlations between ∆eGFR (change in eGFR in the 1 year period) and clinical characteristics were assessed by linear regression analyses. Risk of lower serum Ca levels for decreased eGFR was calculated by multiple logistic regression analysis with adjustment for factors found to be associated with ∆eGFR by univariable regression analysis as well as factors well known to be related to a decrease in eGFR and/or kidney function. Besides, age, gender, and serum levels of Cr were not included as covariables for analyses using eGFR as a dependent variable, since these factors are used for calculation of eGFR per se. Receiver operating characteristic (ROC) curve analysis was performed to determine a cut-off value of the serum Ca levels to predict decreased eGFR. The statistical power to detect the differences in the frequencies of the rapid decliner of eGFR estimated using the software Sampsize (http://sampsize.sourceforge.net/iface/index.html) in this sample set were about 80% and 40% to detect minimal ORs of 2.00 and 1.50, respectively, at a level of significance of 0.05. A value of p < 0.05 was accepted as statistically significant. All analyses were performed using SPSS version 23.0 (IBM Japan, Tokyo, Japan) or JMP version 12.0 (SAS Institute Japan Ltd., Tokyo, Japan). Table 1 . Most characteristics changed significantly in the 1-year period, as eGFR decreased significantly from 80.41 ± 11.96 to 78.55 ± 11.26 (p < 0.001). However, serum Ca levels did not change in the period: means ± SD at the baseline and the follow-up were 9.47 ± 0.31 and 9.48 ± 0.31, respectively (medians [IQR] were 9.5 [9.3-9.7] and 9.5 [9.3-9.7], respectively) (p = 0.21).
Factors Correlated With Changes in eGFR in The 1-year Period (∆eGFR). Correlations between
clinical characteristics and ∆eGFR are shown in Table 2 . Univariable correlation analyses revealed correlations between ∆eGFR and multiple clinical characteristics such as serum levels of LDL-cholesterol, uric acid, creatinine, sodium (Na), Ca, and VitD. However, multivariable correlation analysis revealed serum Ca levels as the best correlated with ∆eGFR after adjustment with multiple factors observed as correlated by univariable analyses and well-annotated classical risk factors for a decrease in eGFR such as hypertension, dyslipidemia (serum triglyceride and LDL-cholesterol levels were included), and diabetes (β = 0.184, p < 0.001). Although the classical risk factors examined were not at all correlated with ∆eGFR in this study population, the correlation of serum Ca levels with ∆eGFR independent of such classical risk factors observed in ordinary clinical settings is summarized together with those of several clinical characteristics related to kidney function (urinary albumin excretion ratio (UAE), serum levels of potassium (K), InP, intact PTH, and VitD) in Table 3 .
Association of Lower Serum Ca Levels and a Decrease in eGFR.
To further evaluate the relationship between serum Ca levels and a decrease in eGFR, subjects were stratified into tertiles based on their serum Ca levels (higher >9.6 mg/dL, middle 9.4-9.6 mg/dL, lower <9.4 mg/dL). We then evaluated the risks of these tertiles for a rapid decliner, which we tentatively designated as those with the lower one third of ∆eGFR (<−4.40 ml/ min/1.73 m 2 ). Those with the lower serum Ca levels were on a significant risk for a rapid decliner of eGFR compared to those with the higher serum Ca levels (odds ratio (OR): 2.55, 95% confidence interval (CI): 1.63-3.99). The risk remained significant after adjustment for the multiple factors described above (OR 2.41, 95% CI 1.47-3.94). ROC analyses showed a serum Ca level of 9.20 mg/dl as an optimal cut-off value for determining the risk subjects for a rapid decliner of eGFR (OR: 3.35, 95% CI: 2.21-5.09). Together, these results indicate that lower serum Ca levels, even when they are within normal range, are a significant risk factor for a rapid decrease in eGFR, independent of previously reported metabolic risk factors for kidney dysfunction such as blood pressure, dyslipidemia, and diabetes, in this general non-CKD Japanese population (Fig. 1) . Table 2 . Factors correlated with changes in eGFR in the 1-year period (∆eGFR). P < 0.05 and <0.01 are indicated by * and **, respectively. Data are mean ± SD or number of subjects (%). eGFR: estimated Glomerular Filtration Rate, UAE: Urinary albumin excretion, InP: inorganic phosphorus, PTH: parathyroid hormone. 
Discussion
In this 1-year follow-up study of a general non-CKD Japanese population, we found that lower serum Ca levels, even when they were within a normal physiological range, were a significant risk factor for a rapid decrease in eGFR, independent of previously reported metabolic risk factors for kidney dysfunction such as blood pressure, dyslipidemia, and diabetes. Further, the fact that such metabolic risk factors were not associated with ∆eGFR indicates that such metabolic risk factors can be used to predict those at risk for worsening kidney function only after kidney function has declined to certain levels, such as those of CKD. Instead, lower serum Ca levels appear to be the most useful marker to predict those at risk for worsening kidney function while kidney function is normal or only mildly decreased. Serum Ca levels are regulated through feed-back mechanisms, where PTH, VitD and serum ionized Ca itself coordinate to regulate Ca transport at the gut, kidney, and bone 22 . Thus, any abnormality in the mechanisms might affect the results obtained here. However, because the subjects used here were apparently healthy and we used serum levels of PTH and VitD for adjustment, the results obtained here did not appear to merely reflect such an abnormality of Ca metabolism.
Association does not indicate a cause and effect relationship, by the nature of the analysis. Therefore, the observed association between lower serum Ca levels and a rapid decrease in eGFR dose not simply mean that lower serum Ca levels impair kidney function, or, conversely, that lower serum Ca levels are a consequence of a rapid decrease in eGFR. However, as described previously, since serum Ca levels are in cause-consequence relationships with several factors such as serum level of InP, VitD, and i-PTH, we adjusted for such factors, and also K and UAE, whose increases are markers of existing kidney dysfunction. Thus, lower serum Ca levels appear to not be simply a reflection of existing or current kidney dysfunction, but a reflection of a steady or rapid decrease in eGFR. Together, lower serum Ca levels seem to be a useful marker for finding those at-risk for worsening kidney function in a general population or in ordinary clinical settings. We here examined the association between serum Ca levels and a decrease in kidney function in those with CKD stages 1 and 2 combined, on the assumption that kidney function decreases similarly between these 2 CKD stages. However, since decreases in kidney function may differ between these 2 CKD stages, the association observed may also differ between these 2 CKD stages. To answer the question, we examined the association using the subjects with CKD stages 1(n = 125) and 2 (n = 473) separately, and, found no different results between them: univariable linear correlation between serum Ca levels and ∆eGFR were 0.205, p = 0.02 and 0.144, p < 0.01, in the analyses using those with CKD stages 1 and 2, respectively. Further, since Ca homeostasis may be deregulated little bit even in CKD stage 2, serum Ca levels may, even though within the normal range, fluctuate more in those with CKD stage 2 than in those with CKD stage 1. However, since serum Ca levels and their SD (or fluctuation) were 9.36 and 9.49 (p < 0.01), and 0.36 and 0.29 (p < 0.01), respectively, in those with CKD stages 1 and 2, respectively, regulation of Ca homeostasis did not appear to be substantially deteriorated in those with CKD stage 2. These facts together indicated that, as far as serum Ca levels were concerned in its association with ∆eGFR, difference between CKD stages 1 and 2 might not have a substantial impact on its association. Anyway, since subjects with CKD stages 1 and 2 are of course a mixture of a variety of subjects with different compensatory mechanisms where Ca, InP, and VitD also act cooperatively for maintaining the homeostasis along with declining kidney function, further detailed analyses using subjects with CKD stages 1 and 2 separately appear to be warranted in the future. Although not many studies examined factors associated with changes in eGFR in general population similar to our study, a study showed urine volume to be inversely associated with annual decline of eGFR in those with normal kidney function, which they defined as those with eGFR ≧ 60 mL/min/1.73 m 2 23 . Interestingly, their findings were opposite to those found in another observational study with CKD patients, where higher urine volume was associated with faster decline in kidney function 24 . These facts appear to indicate that association of any factors with ∆eGFR may differ depending on stage of CKD. In this context, findings observed in CKD patients (CKD stages 3 and more) may not be applied in patients without CKD (or with CKD stages 1 and 2, non-CKD, or normal kidney function), and, thus, these facts seem to strengthen the importance of findings reported here, especially, provided that population of those without CKD are generally much higher than that with CKD.
The results appear to warrant further studies examining whether intervention to increase serum Ca levels is useful in preventing worsening kidney dysfunction. However, supplementation of Ca does not seem to be such an intervention. In CKD subjects, where Ca balance and homeostasis are disrupted, supplementation of Ca may enhance soft tissue calcification and cardiovascular diseases, and thus may be harmful 22, 25 . In non-CKD, or healthy subjects, in whom Ca balance and homeostasis are tightly regulated, serum Ca levels do not seem to change easily upon supplementation of Ca, and thus supplementation of Ca does not seem to be useful for increasing serum Ca levels. Indeed, the amounts of Ca consumed evaluated base on a dietary questionnaire (BDHQ) was not correlated with serum Ca levels in the study population (β = 0.03, p = 0.40). Supplementation of VitD seems to be an option to prevent worsening kidney dysfunction, because VitD has been shown to prevent kidney damage and a decrease in GFR in experimental models through various mechanisms. These include activation of the renin-angiotensin-aldosterone system, reduction of inflammatory mediators, promotion of survival of podocytes, and reduction of albuminuria and glomerulosclerosis [26] [27] [28] [29] [30] [31] . However, the effects of VitD supplementation on human kidney function have not yet been well elucidated, although supplementation of VitD is established for management of the osteomalacic component of CKD-related mineral and bone disorders 21 . A study using older adults with predominantly normal baseline kidney function showed an association between lower serum VitD levels and rapid decline of GFR 32 , which appeared to indicate promising effects of supplementation of VitD on kidney function in a general population. However, in the current study, higher serum VitD levels were found to be associated with a decrease in eGFR, although the extent was modest (β = −0.084, p = 0.048). Therefore, the effects of VitD supplementation on kidney function in a general population remains to be elucidated. Our study has both strengths and limitations. For strengths, statistical adjustments were made for multiple factors that could confound the results, and a relatively large population-based/general sample of individuals was used. Most importantly, we used a general population where kidney function is normal or only mildly decreased, and we could thus examine the association between serum Ca levels and changes in eGFR in a non-CKD population. For limitations, the subjects were participants in a health promotion study rather than an ordinary health check-up study, and, thus, may be more invested in keeping themselves healthy compared with the general population. Thus, the subjects may not accurately represent the general population. Further, we followed up on changes in eGFR in 1-year period, which appears to be not long enough to evaluate time-dependent changes in eGFR precisely. Because the changes in eGFR in 1-year period appear to be modest compared with the deviation of measurements of eGFR per se, the statistical power to evaluate time-dependent changes in eGFR appears to be low. However, even in this condition, we could find a significant association between serum Ca levels and changes in eGFR, and such limitation therefore does not seem to be substantial. In conclusion, lower serum Ca levels, even within a normal physiological range, were a significant risk factor for a rapid decrease in eGFR in a non-CKD Japanese population, independent of previously reported metabolic risk factors for kidney dysfunction such as blood pressure, dyslipidemia, and diabetes. These results suggest that lower serum Ca levels can be a useful marker to predict those at-risk for worsening of kidney function in ordinary clinical settings, and, thus, further studies using cohort populations with longer follow-up periods are warranted.
